To protect canal beds against erosion and to prevent seepage from the bottom or side of a canal, impermeable linings are often used. These linings can suffer from several problems including damage due to uplift pressure when the groundwater table is high. Thus, it is necessary to provide a drainage system under the hard lining of the canal to reduce the water pressure, especially at the end of the operation season, when the canal is empty. This work evaluates the performance of a drainpipe with a filter envelope located under the bed of canal. The solution method uses the finite element method to analyze and minimize uplift force. Various combinations of drain diameters, envelop thicknesses, depths of drain under the canal invert, and groundwater surfaces are considered. Simulation results indicate that with increasing drain diameter and depth of drain under the bed of canal, the groundwater surface declines and the uplift force is reduced. The use of a filter envelope around the drainpipe for decreasing hydrostatic pressure is found to be effective. Linear and nonlinear regression equations for predicting the pressure head in canal bed centerline are provided.
Introduction
Mathematical models have found a broad range of uses in several fields of the natural sciences. Regarding agricultural drainage, various mathematical models have been used in research and applied engineering to optimize the design of drainage networks (Chau 2006; Gurovich and Oyarce 2015) . This body of research allows the application of mathematical models to the design and evaluation of drainage networks.
There are many techniques and structures that can be used to handle excess water and salts that may be present in agricultural lands. Drainage can be used to provide an adequately oxygenated environment that is suitable for plant growth. The general goal of these methods is to maintain adequate levels of water and air in proportions that improve plant growth and sustain soil quality (Ayars et al. 2006; Ritzema et al. 2006 Ritzema et al. , 2008 Naz et al. 2009 ).
An increase in groundwater levels is important for design considerations for multiple reasons. An increase in groundwater level may lead to an increase in the pressure that is exerted on the bottom and sides of the canal. The internal stress that is caused by this pressure (and by swelling soils) may weaken the canal concrete lining and cause cracks and failures in the materials (Fahmi et al. 2015 ). An exhibit of a concrete lining failure is provided in Fig. 1 . Singh (2009) obtained an analytical method that can be used to calculate the groundwater head in horizontal aquifers. The solutions are appropriate for the practical situation of shallow-depth drains in an aquifer. Oyarce et al. (2017) simulated the hydraulic behavior of an ideal drain. They characterized the behavior by an entrance resistance factor; simulation results indicate that the water entrance resistance factor must be considered in the design of a drainage network. The hydraulic behavior of the agricultural drain depends on its geometric characteristics. Oyarce et al. (2016) completed an experimental investigation of agricultural drains. That work showed that the effects of perforation density and envelope screens were determined by water extraction efficiency for small hydraulic head conditions. Palacios Velez et al. (2004) studied the large variability of soil hydraulic conductivity (k), particularly in alluvial soils. They showed that for small-plot drainage (5-10 ha), at least one conductivity measurement is recommended for each hectare and five measurements for each plot. Bucur and Savu (2006) showed that the removal of soil moisture is possible with the construction of intercepting drainage structures. Spring water that concentrates on land can be collected using shafts that are outfitted with drains and bottom filters. WinBo et al. (2015) found that large-sized testers are required for high-capacity drainage. It has been shown that drain capacity decreases with increasing hydraulic gradient. It has also been shown that the decrease in discharge capacity is quite significant for low vertical pressures. Salmasi et al. (2017) investigated the reduction in the already-mentioned pressure forces that are exerted on longitudinal drains with underlined canals. That research showed that utilization of drainpipes underneath the canal been can be effective for reducing the groundwater depth and consequently the uplift force. Chandio et al. (2013) simulated both horizontal and vertical drainage systems that are used to handle waterlog problems on the Rohri Canal in Khairpur District, Pakistan. They showed that vertical or horizontal drains alone are not capable of reducing waterlogging. In order to be effective, a drainage system should be installed close to the canal so that the combined drainage systems can work together. The authors also showed that a combined drainage system (tube wells and a horizontal drain) is more effective at maintaining water table levels. Samani et al. (2006) developed analytical solutions to a drainage problem and provided computational algorithms that can be used to calculate drawdown and discharge to horizontal drains. The software works in a Laplace domain and then translates the results to real time. The authors found that the total discharge to the drain was inversely proportional to the drain elevation. They also showed that by decreasing the elevation, it was possible to increase the difference between the head at the drain and the surrounding aquifer. Furthermore, the discharge decreases over time because of the reduction in water head. Singh et al. (2007) showed fluctuating water levels during an exponential recharge and evapotranspiration that varies with depth. The result of this analysis was that it is possible to predict water table fluctuations in both arid and semiarid regions and for both sloping and non-sloping lands. Nourani et al. (2017) studied optimum location of drains in gravity dams. They implemented finite element method to investigate the effect of drain rows on uplift force under the dam foundation. They found optimum values for diameter of drain, distance of drains (in plan), and distance of drains from heel of dam. In this optimum point, the uplift force under the dam has minimum value that creates the design to be economically.
The present study extends the prior work by focusing on water pressure under the canal invert in the presence of a granular filter. For this purpose, several numerical models are simulated using the finite element (FE) method by applying SEEP/W (2012). In order to evaluate the drainage capability of the subgrade soil in its natural condition and to find out whether the base soil needs a drainage system, or whether it can drain the seepage flow under the canal lining without inducing excess pore pressure, some preliminary tests were simulated. In the tests, no drainage systems were used. These models were carried out with water levels at 50, 80, and 120 cm above the bottom of the canal. The ultimate goal of the present research is to utilize the numerical methods to quantify the uplift that is exerted on the canal lining and to optimize water discharge. In particular, geometric parameters such as the drain diameter, the filter thickness, and drain depth below the canal will be modified and the impact on both the water table and uplift will be found. With this approach, rational design recommendations can be given for the use of filters in these water flow situations. (Fahmi et al. 2015) 1 3
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Basic concepts
Two common ways of managing underground water are through open ditchers (see Fig. 2a ) and underground perforated piping (see Fig. 2b ). Open ditches are simple structures that collect water and can be used to remove surface runoff. This runoff can cause farming losses or can interfere with machinery or other agricultural processes. Examples of past researches that deal with this topic include Scholz and Trepel (2004) , Kroger et al. (2008) , and Jia et al. (2011) .
Underground piping systems typically consist of a hydraulic network of smooth and/or corrugated perforated plastic tubes buried at a specified distance from each other. They primarily are used to lower the water table level in unconfined aquifers (Stuyt et al. 2005; Ritzema et al. 2008; Gurovich and Oyarce 2015) .
As discussed by Nijland et al. (2005) , drainage pipe perforations or slots in the field drainage pipes must balance the following two characteristics:
• To have the largest possible size to limit water entrance resistance and • To be as small as possible to prevent soil particles from clogging the tube.
For a partially drained state near a gravel drain, pore water flows toward the drain and is driven by the total head variation. It is usually assumed that the drain has an infinite permeability and consequently the pore water pressure is zero there.
The total head loss between two points, which is expressed here as Δh , can be written in terms of excess pore water pressure, u, at the center of the drains, i.e., where w is the weight density of water. The flow of pore water through the porous material is expressed using Darcy's law as
The symbol V represents fluid velocity, while the symbol k is the hydraulic conductivity of the soil. Finally, the symbol l represents the length of the drainage path (Yamamoto et al. 2009 ).
The continuity equation is derived from the Dupuit's assumptions results in the Boussinesq's equation, which is a nonlinear partial differential equation of second order. The groundwater flow equation over a sloping impervious layer is given as where h is the height of water table above the drain at a distance x and time t. The symbol α represents the slope of the impermeable barrier having a small value such that α = sinα ~ tanα; the symbol k is the hydraulic conductivity; f represents the drainable porosity of the aquifer; R(t) is the recharge rate; and E(h) indicates the depth-dependent rate of evaporation-transpiration (ET) (Singh et al. 2007 ).
Performance evaluation of models
In order to assess the quality, performance measures are used to compare modeled values with their corresponding observed values. The following metrics are used:
The symbol N represents the number of observations. The terms y 0 , y p , ȳ 0 , and ȳ p indicate the observed data, the predicted data, the mean of observed data, and the mean of predicted data, respectively. The RMSE metric ranges from 0 for a perfect model to higher values of real numbers. Values of the RMSE are a measure of the goodness of fit between the observations and modeled values. The error measure mean square error (MSE) is also used, and it behaves similar to RMSE. The coefficient of determination defines the percentage of the total variance in the observed data that can be described by the model. High R 2 values show better agreement between predicted and observed values.
Numerical simulation
As intimated earlier, flow of water through soils is a fundamental process in geotechnical and geo-environmental engineering. It helps determine the seepage loss from a water reservoir and can be used as a water source for commercial or residential uses. The pore pressure of the flow is also of particular concern in engineering; in particular, it can adversely affect hydraulic structures.
As mentioned earlier, the FE method is used to complete the numerical solution. The software program used for this analysis is SEEP/W. This software is used for generating data for a wide variety of different scenarios. The solution is continuous so that results are provided at all locations within the solution domain.
The geometry of a model is defined in Fig. 3 . The model canal has a trapezoidal shape, with a bottom width of 2 m, side slopes of 1:1.5 (vertical: horizontal), a canal height of 1.5 m, and height of side wall of 21.2 m. The bedrock depth, from the bottom of canal, is 20 m, and the service road of the canal is 3 m. With these dimensions, the total width is 130 m.
The canal cross section is trapezoidal, and the hydraulic conductivity for the porous media was taken as a typical value of 10 −5 m/s. The drainage filter is designed with a hydraulic conductivity of 10 −3 m/s which is 100 times that of the soil hydraulic conductivity. This allows low resistance for flow through the drain pipes. Figure 3 shows a schematic view of the positions of drain pipe including with some dimensions annotated.
Necessary input information for the simulation are the hydraulic conductivities of the soil (k s ) and filter (k f ), the diameter of the drain (D), thickness of filter (t), water level above the bedrock (H) and drain elevation from bedrock to middle of drain (Y). The simulation model and its hydraulic properties of the canal are given in Table 1 . To account for the variation of properties, 75 runs had to be completed.
The finite element discretization is presented in Fig. 4 . Quadrilateral and triangular elements are defined in the region of the drain and canal. The total number of elements was 65,700.
The specification of the boundary conditions is a key step in the FE method. The boundary conditions are, in essence, the driving force for the groundwater. The total hydraulic head is made up of pressure head and elevation, and it is the primary unknown. As a consequence of the high permeability, the pore pressure (P) on a seepage face is zero. Setting the P = 0 condition requires care, however. It is possible for this location to inadvertently become a source of water. Boundary conditions for groundwater heads were defined in terms of total head (H) for the following drainage arrangement (Y = 18.5, 19, and 19.5 m). The bed and side walls were treated as impermeable boundaries. Boundary conditions for drain pipes were zero pressure (free drainage).
Regression analysis
Regression analysis is used to quantify a correlation between independent variables and the dependent variable. Here, an attempt to quantify the partially drained pressure head, P, is performed. The pressure heads on the bed of a canal, in the middle of the canal, and over the drain were obtained. It is assumed that linear and nonlinear relationships exist between P and the independent parameters; the regression function can be written in a general form as: In addition, the dimensionless function between independent parameter (P t /P 0 ) and independent parameters (D/t, Y/H) can be written in a general form as Eq. (7):
where P t is the pressure head under the canal with drain installation and P 0 is the pressure head without drain effect under the canal. 
Results and discussion
Finite element (FE) analyses
In many irrigation projects where the groundwater table is high, part of the canal may be located below the water table.
In such cases, the groundwater would apply uplift pressure to the bottom and side panels of the lining. As noted earlier, this phenomenon may cause deformation, displacement or rupture of the concrete panels, or other damage. This leads to high maintenance costs and lowered performance. The canal model with the drain was used to simulate the performance of horizontal drainage systems to intercept the seepage losses, to prevent waterlogging, and consequently to reduce these concerns. The phreatic line is defined by a zero-pressure condition. The groundwater heads in the presence of a subsurface drain for various water tables are shown in Fig. 5 . The seepage lines with no drainage system provided for H = 20.8 m are shown in Fig. 5a . It can be seen that the seepage curves intersect the canal lining at this head. This means that the seepage discharge is high, and the soil is not capable of draining the water safely. Excess hydrostatic pressure exists on the canal at both the bottom and the side walls. In Fig. 5b , the flow vectors indicate there is still some seepage out of the soil and into the canal. In this condition, the use of a filter drain system under the canal becomes necessary. As shown in Fig. 5c for H = 20.8 m, Y = 18.5 m, D = 0.2 m, and t = 0.25 m, with a filter drain, the seepage lines are located below the canal bottom. Therefore, no uplift is imposed on the canal lining, and the drainage system is able to discharge the excess water safely from the bottom of the lining. Hydraulic gradient
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The water movement in a subterranean agricultural drainage system is related to the drain diameter. Tests were carried out on different diameter drains to assess the impact of the diameter on phreatic and flow lines. Comparisons shown in Fig. 6a , b effectively demonstrate that pore water pressure in soil is reduced and the phreatic surface is lowered below the canal lining. This improves the stability of canal system and reduces the already discussed uplift issues.
It is observed in Fig. 6a -c that with a constant depth drain, the piezometer surface is lowered as the drain diameter increases. Therefore, bigger diameters are preferred for the drain pipes where the uplift forces must be reduced.
Next, the effect of drain depth is studied. Drain pipe installations depend on groundwater elevation, drain pipe diameter, and thickness of the canal lining. The canal must be able to resist pore pressure; thus, the lining thickness must be sufficient for this task. For this purpose, drains with canal bed depths of 0.5, 0.8, and 1.2 m are simulated. As shown in Fig. 7 , for a constant drain diameter, increasing drain depth from the canal bed results in a reduction in groundwater head. It is obvious that deeper installations of drains are more expensive, so a balance of cost and performance should be considered in practice.
The position of the phreatic line at the end of the analysis for water surface 0.8 m above the canal bed, filter thicknesses of 0.2, 0.25, and 0.3 m, and with a drain with the diameter of 0.2 m located 1.5 m below of the canal bed is shown in Fig. 8 . Soils transport water under both saturated and unsaturated conditions. When a soil is saturated, the pores are filled with water. As pore water pressures decrease, more pores become air-filled and the hydraulic conductivity is reduced. A significant difference in the phreatic lines can be observed as the filter thickness is varied, and the results are shown in Fig. 8 . However, increasing thicknesses of the filter with increasing depth of drain under the canal bed will decrease water table surface. The simulation results also indicate that increasing the filter thickness with increasing drain diameter and depth drain of bed canal can decrease the water table surface and uplift force.
Cracked canal lining failures are often caused by uplift pressure forces exerted by groundwater rising above the canal bed during periods of low flow or no flow through the canal. Figure 9 shows results of hydraulic gradient versus distance with different water levels in the canal. It is seen that there is enough information for obtaining one solution. Notably, there are only three model runs carried out for the canals without drain pipes to calculate hydraulic gradient. It can be seen that for all cases, a maximum hydraulic gradient is in the corner of the canal. When water level is high, the hydraulic gradient is approximately 1. This situation may be critical and cause disruption in the canal.
These computational models include the pipe drains under the canal bed with a range of drain depth. In Fig. 10 , a drain with 0.1 m diameter is made at different locations. Water flows through the permeable soil in a steady manner from the field to the drain. The deepest drain has maximum gradient value at the side of the canal and a minimum gradient value at the bottom of canal. Also, a large drain diameter has maximum gradient at the side of canal. So, the drain is filled with water and is maintained at a constant water level far away the canal.
Conditions for groundwater heads were quantified in terms of pressure head for each case of drainage arrangement above the canal bed. The side walls were considered without drain, head=20.5m without drain, head=20.8m without drain, head=21.2m as rigid or impervious boundaries. Gradients are calculated for three different filter thicknesses, and the results from numerical modeling are shown in Fig. 11 . It is seen that the gradient along the cross section of canal with different filter thicknesses around drain is almost same and the difference among the gradients is negligible. Different drain diameters and filter thicknesses can affect the water surface level. This issue is presented in exemplifying figures (Fig. 12a, b) . As seen there, the design given by drain pipes positioned below the canal bottom results in maximum gradients near the drain. In a canal without a drain, the hydraulic gradient in the corner of the canal bed is large and could cause disruption at that location.
Pressure head varies with distance from the canal. Below the canal bed, the negative pressure head is limited to a pressure distribution such as that shown in Fig. 13 . For locations below the water table, the hydrostatic pressure increases with depth. An initial water table may give an accurate pore water pressure when the water table is horizontal. However, if the water table is curved, this option only approximates the actual initial conditions. For sufficiently high groundwater head, the soil pressure can cause soil layers to fail. At the occurrence of failure, the total stress in the soil becomes equal to the water pressure and the effective stress becomes zero. When a canal is positioned at a depth coincident with the phreatic surface of groundwater, the potential adverse effects upon the water containment facility must be accounted for. If the water pressure is sufficiently high and is able to lift the soil layer, hydrostatic uplift occurs. Among the failure mechanisms is roofing, boiling, or heaving with a large blister. Figure 14 shows a drain and filter under a bed canal where the uplift pressure is reduced. Filters employed around the drains are effective at decreasing the hydrostatic pressure. The negative uplift forces in Fig. 14 designate that the groundwater elevation is below the canal bottom and there is no pressure from groundwater on the canal lining.
If the maximum calculated uplift force is calculated based on the maximum measured piezometer head, then the soil layer resistance calculations can be considered conservative.
Modeling runs were carried out both for the situation with no drainage (Fig. 15a) and for a case with drainage (Fig. 15b) . Pressure contours in the porous soil media in the vicinity of the canal are shown in the figures. The phreatic line is horizontal and above the canal bed. Other contours of pressure lines are seen to be horizontal. Below the phreatic line, pore pressure is positive. In general, the use of a drain with a filter lowers the phreatic surface and reduces pressure, especially near the drain pipes. Figure 16 shows the configuration of the drain under the canal bed with groundwater level of 0.8 m above it. The drain is 1 m from the canal bed. The performance of a drain pipe and a drain with filter is compared with the no-drain scenario. If piezometers are placed at different locations along an equipotential line, the water level will rise to the same at all locations.
A decline in the phreatic line (dashed blue line) in Fig. 16b demonstrates the positive effect of drain pipe in reduction in groundwater water level reduction (comparison of Fig. 16a with b) . In addition, comparison of Fig. 16b , c denotes that using filter around the drain could reduce phreatic line much more and it can be noted that application of filter reduces soil particles migration in downstream direction too. This reduces piping/undermining phenomenon.
Regression analysis pressure head
The pressure head (m) under the canal bed including drain pipe is a function of filter thickness (t), drain diameter (D), drain elevation (Y) and depth of groundwater surface (H). Considering these four independent parameters, linear and nonlinear equations for pressure head with SPSS software are evaluated in Eqs. 8-10. Equation 8 is linear and Eqs. 9 and 10 are nonlinear. Determination coefficients and RMSE for these equations are presented in Table 2 . It is seen that the value of RMSE for Eq. 8 is nearer to zero than other equations. So, this equation is most appropriate for predicted pressure head.
The dimensionless linear and nonlinear Eqs. 11-13 are calculated for the total pressure head under the channel. Values of P t and P 0 are total pressure head under the channel in the presence of a drain pipe and without a drain, respectively. The independent parameters are D/t and Y/H. Table 2 , all three dimensionless equations have better performance compared to Eqs. 7-9. Among them, Eq. 11 is the most accurate with R 2 = 0.911 and RMSE = 0.0022. Figure 17a -c presents the relationships between pressure head obtained with SEEP/W (2012) and that predicted by the regression equations. The data analysis was carried out using SPSS software, and the results indicate that it is possible to articulate reasonable fits between the modeled and predicted pressure heads. As the figure shows, the pressure head is negative because the phreatic line is located under the bed of canal and lower than the drain. The region between the canal and drain is unsaturated. Equation 8 is preferable as its performance parameter (R 2 ) is quite similar to that of model of SEEP/W (2012) and as it is linear so that its implementation is simple. Equation 10 is considered appropriate for an estimation, but more reliable models are often needed.
Application example
The knowledge of the uplift pressure at the canal bottom allows us to evaluate methods to prevent a canal lining from cracking. These methods comprise increasing canal lining thickness, use of a weep hole in the canal invert, or installation of a drain pipe with envelop under the canal bed. An example is used to demonstrate the application of the method. Consider a situation where the groundwater table above the canal bed (h) is assumed to be 0.5 m, i.e., H = 20.5 m. Without any drain pipe under the canal bed, the hydrostatic pressure from groundwater in the middle of the canal bed will be P = 0.5 m or p = 4.91 kN/m 2 . Under this condition, the canal lining thickness/material should be checked for cracking.
Another solution is the installation of a drainpipe under the canal bed. In the second example, with the above same groundwater table, and with a drain pipe located under the canal bed with at a depth = 0.3 m under the canal invert, i.e., y = 0.3 m or in this example Y = 19.7 m. If the drain pipe diameter is 0.1 m with a lining (envelop thickness) t = 0.2 m, application of Eq. 12 yields P = − 0.38 m or p = − 3.69 kN/ m 2 . In this example, P is negative which signifies suction in the soil that is not dangerous for canal lining cracks. In fact, a drainpipe with envelope reduces pore water pressure in the soil from 4.91 to − 3.69 kN/m 2 . If h is increased from 0.5 to 1.5 m, P increases but it remains negative. More solved examples are presented in Table 3 .
Conclusion
The most effective way to control the uplift pressure is to provide a filter drainage system under the canal lining. Based on the overall results of the numerical investigation, the following conclusions can be drawn.
• With a filter drain, the seepage lines are located beneath the canal bottom. Therefore, no uplift is imposed on the canal lining, and the drainage system is able to discharge the excess water safely from the bottom of the lining.
• When the flow lines are conducted to a large drain diameter, the piezometer surface is located lower than when a small-diameter drain is used.
• For constant drain diameters, increasing the drain depth below of the canal bed will reduce the groundwater head.
• Increasing the thickness of the filter with increasing depth of drain decreases water 
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